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Abstract Underground traffic activities spread ground-borne vibrations in a complex way. The
present work focuses on 173 individual vehicles tracked as moving sources of vibrations in the Mont

Terri rock laboratory, located 95 m away from a motorway tunnel. Two neighboring geophones record

the vertical ground velocity of traffic-induced events with peak particle velocities ranging in 0.15-0.35 u
m/s. A dynamic cross-correlation of the waveforms is used to align the individual events for coherent and
robust analysis. A root mean square (rms) method allows identifying the main feature, centered at the
Main Fault, and an unexpected feature located about 140 m apart. The dominant seismic frequencies are
15 and 10 Hz, respectively. The vehicle speeds (70-90 km/h), estimated from the time-delay between the
two features, and the seismic velocity (800-2,300 m/s), assessed from a simple kinematic model, are used
to convert time to position along the tunnel, allowing modeling the local rms with the Bornitz's equation.
The resolved frequency-independent attenuation coefficients are 2.61 s/km in the Opalinus Clay including
the gallery network, and 1.23 s/km in the Limestone, a contrast of elastic properties that defines a
bimaterial interface. A particle motion analysis highlights body waves, with dominant vertically polarized
shear waves above the Main Fault. The origin of the unexpected feature is discussed in terms of site effects
and seismic propagation in a heterogeneous fracture network. Traffic-induced events can be used as
reproducible, low-frequency, and non-destructive sources with potential interest in long-term monitoring
at the scale of an underground gallery.

1. Introduction

Natural phenomena, such as storms and earthquakes, and human activities, such as mining, geophysical ex-
ploration, road, and railway traffic sources, induce ground vibrations at different strain levels. Ground-borne
vibrations propagate into the soil and can transmit through geological structures. The intensity of ground
shaking depends at least on the physical properties of the source of vibrations, including its strength and
frequency content, the soil mechanical properties, and the distance from the source. High-energy natural
transient vibrations, such as earthquakes that may damage or even collapse structures (Viens et al., 2018),
are under ongoing long-term monitoring to prevent natural hazards and to perform geophysical imaging
of the Earth's interior. Artificial transient vibrations of high energy, such as blast loads including quarrying
explosions and mining activities, may also cause structural damages (Kumar et al., 2016) and have thus lead
to numerous recent works to predict blast-induced vibrations (Kumar et al., 2016; Li et al., 2019; Murmu
et al., 2018; Nateghi, 2011). Lower energy transient signals of sledge hammer sources are commonly used in
geophysical prospecting to image the subsurface at the decimeter scale (Ashida, 2001; Zhang et al., 2019).
Steady-sate vibrations that result from continuous activities, such as pile-driving (Athanasopoulos & Pel-
ekis, 2000), railway (Connolly et al., 2014; Nejati et al., 2012; With et al., 2006), and road traffic (Coquel &
Fillol, 2017; Hao & Ang, 1998; Hunt, 1991; Meng et al., 2021) activities, are generally small in magnitude
but act over long times: consequences may be discomfort and annoyance for the occupants of cars and
residential homes rather than structural damage. However, damages may occur and modeling and experi-
mental approaches (Crispino & D'apuzzo, 2001; Hao & Ang, 1998; Hunaidi & Tremblay, 1997; Hunt, 1991;
Lak et al., 2011) have been developed to predict ground-borne vibrations that transit to buildings, bridges or
tunnels located in close proximity to traffic roads.
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Traffic-induced vibrations are generated by complex mechanical interactions between a moving vehicle and
the road. The dynamic load on the irregular unevenness of the road surface generates stress waves, com-
posed of surface and body seismic waves that propagate along the interface and into the soil with particular
dominant frequency contents and amplitude motions (Barbosa, 2012; Gorges et al., 2019; Hao & Ang, 1998;
Hunt, 1991). As a first approach, the amplitude decreases with the distance (Auersch & Said, 2010; Gu-
towski & Dym, 1976; Kim & Lee, 2000) but the seismic propagation may be complex, in particular inside
tunnels (Abdel-Motaal et al., 2014; Clouteau et al., 2005; Fabozzi & Bilotta, 2016) which have motived
studies on underground traffic (Chatterjee et al., 2003; Degrande et al., 2006; Fabozzi et al., 2017). Recent-
ly, Brenguier et al. (2019) have shown the potential of train traffic to monitor active faults using dense
seismic arrays. In the present study, we consider an underground road traffic activity as a potential source
of low-frequency mechanical vibrations which can be useful to detect and monitor large-scale structures
around a motorway tunnel.

In Section 2, we present the geological context and the experimental setup of ground-borne vibrations
measurements performed during one year in the research Underground Rock Laboratory (URL) of the
Mont Terri (Switzerland), in the close vicinity of a motorway tunnel. Vibrations are recorded by geophones,
introduced by quantitative comparison with a broad-band seismometer on an earthquake event. Section 3
deals with the identification and characterization of single traffic-induced events: we describe the data
set, both in the time and frequency domains, and quantify the traffic-induced ground vibrations. We use
a dynamic cross-correlation analysis to align the coherent traffic-induced traces. In Section 4, we analyze
the root mean square (rms) of the wave traces and identify two particular features associated with different
time-frequency responses. In Section 5, we develop the methodology to estimate the vehicle speeds and
assess the seismic velocity of the rock mass to convert the recording time to the along-track position of the
source along the motorway tunnel. In this spatial representation, we model the rms in order to identify
both the material of the rock mass and the type of the source of vibrations associated with traffic-induced
events. In Section 6, we quantify a contrast of attenuation properties that defines a bimaterial interface and
highlight the type of dominant traffic-induced seismic waves based on a particle motion analysis. We finally
discuss the origin of the seismically detected features surrounding the Mont Terri Main Fault.

2. Description of the Seismic Experimental Setup
2.1. The Mont Terri Experimental Site

The experiments presented in this work have been performed in 2015 in the Mont Terri URL (Bossart
et al., 2018). The URL is located mainly in the Opalinus Clay of the Mont Terri (Figure 1a), with an overbur-
den of about 300 m and along the longest tunnel of the A16 Transjurane motorway that crosses the Canton
of Jura to link the Swiss plateau to France (Boidy et al., 2002). The Main Fault is the most prominent tecton-
ic feature of the URL (Figure 1b, red zone): it is located at the center of the laboratory and characterized by
a shear movement toward NNW (Jaeggi et al., 2018).

The motorway tunnel is a two-lane tube, 4,068 m in length and 7 m in diameter, for traffic in both direc-
tions with an NW-SE orientation. A security gallery, parallel to the motorway tunnel, gives access to the
URL which is located at 2,800 m and 1,200 m from the NW and SE entrances of the tunnel, respectively
(Figure 1a). In addition to traffic noise induced by moving vehicles inside the motorway tunnel, the URL
is subject to many other mechanical sources of ground-borne vibrations, including borehole drilling opera-
tions, human activities, and ventilation systems for both the URL and the motorway tunnel. The mechani-
cal sources are not constant in time and are associated with non-stationary noise sources characterized by
frequency contents and statistical properties that may change over time. For identification purposes, long-
term recording of the ambient vibrations is required in order to assess their identification (Peterson, 1993).

2.2. Ground-Borne Vibration Recording

The ground-borne vibration measurements have been performed in the gallery Ga08 of the Mont Terri URL,
at an across-track distance L = 95 m from the motorway (Figure 1b). Vertical geophones (RTC-4.5Hz-395
by R.T. Clark Geophysical equipment) directly fixed to the clay rock at the bottom of vertical boreholes were
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Figure 1. (a) The A16 Transjurane motorway tunnel crosses the Mont Terri: the Underground Rock Laboratory (URL, red segment) is mainly built in the

Opalinus Clay (geological cross-section by Swisstopo). (b) The induced ground-borne vibrations are recorded by the use of two neighboring geophones (G1 and
G2) in the gallery Ga08 of the URL.

used to measure the ground vibration velocity. The distance between the geophones is d = 33 m with an
NW-SE orientation parallel to the motorway.

The geophones are connected to a Daqlink III, which is a 24-bit seismic data acquisition module, with a sin-
gle seismic streamer unrolled in a groove drilled in the invert concrete. The acquisition of the signals is syn-
chronous and controlled by a computer with the Vscope software. The geophones deliver a tension signal
proportional to the vertical component of the ground velocity. They are characterized by a natural frequency
Jo=4.5Hz, anominal sensitivity S, = 23.4 V/m/s, and a damping factor 4 = 0.7: the sensitivity S = S,IHH I

decreases at low frequencies according to the geophone frequency response H = > / ( fo +2iAff - f* )
The data files are continuous recording files of the ambient ground-borne vibrations sampled at 125 Hz

and the duration of each file is 1 h. The data, acquired with the Daqlink format, are temporary stored in
an internal memory Compact Flash card and sent through an Ethernet connection to the computer where
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Figure 2. Earthquake event recorded by both the geophone G1 (red curves) and the vertical component of the
MTIO2 seismometer (black curves), (a) displayed in the frequency domain, (b) expressed in terms of velocity, and (c)
displacement of the ground motion. The waveforms have been band-pass filtered in the frequency range of 3-48 Hz.

they are converted into Seismic Unix (SU) files of 400 s in duration for processing purposes (Cohen & Stock-
well, 2017; Stockwell, 1999).

2.3. Quantification of the Ground Motion With an Earthquake Event

The RTC geophones are standard seismic receivers and a preliminary study consisted in checking the sensi-
tivity and frequency response of the sensors, as well as the quality of the mechanical coupling with the clay
rock. To do so, we consider the ground motion induced by a strong event simultaneously recorded and clear-
ly identified by both an ordinary geophone and an STS-2.5 high-sensitive broadband triaxial seismometer.
The STS-2.5 seismometer, located in the URL (Figure 1b, purple circle) and referred to MTI02 in the seismic
data center of the Swiss Seismological Service, has a constant sensitivity for frequencies ranging between
0.01 and 50 Hz and is used here as a reference. The event is an earthquake of magnitude 2.2 that occurred
on May 31, 2015, located at about 130 km from the Mont Terri.

The RTC geophone measurement highlights frequencies higher than 3 Hz when a constant sensitivity S,
is considered (Figure 2a, red curve). The low-frequency content is not in agreement with the one captured
by the MTIO2 seismometer (Figure 2a, black curve) and is thus not considered. The geophone frequency
spectrum is dominated by a peak at 50 Hz, which corresponds to electric noise that exists inside the URL
where many experiments take place. In the following, the analysis is limited to the frequency band 3-48 Hz
where it is in agreement with the frequency spectrum highlighted by the seismometer. By both band-fil-
tering the signals in this frequency range and considering a constant sensitivity S, = 23.4 V/m/s for the
geophone, the ground vibration velocity induced by the earthquake (Figure 2b) ranges between +1.5 ym/s
and is associated to a vertical displacement in the range +25 nm (Figure 2c) in accordance to the seismom-
eter measurements. Note the similarity between the waveforms recorded at the two geophones G1 and G2
(Figure 2b, red and orange curves, respectively). As a result, the RTC geophone velocity data are processed
according to this quantitative approach.

3. Seismic Wave Signatures of Underground Traffic-Induced Events

3.1. Data Set Focused on Road Traffic Activity

The present study deals with ambient vibrations recorded in the Mont Terri URL by the geophones G1 and
G2 (Figure 1b) from January to December 2015. Even if the data acquisition was interrupted many times
during the experiment, the ground-borne vibration data set covers more than 88% of this period of time.
The data set is structured into 70,000 SU traces. For each trace, a proxy used to quantify the energy of the
ground-borne vibration is determined by integrating the frequency spectrum of the wave traces. This allows
highlighting the temporal variations of the ground-borne vibration level as a function of the day of the year
(Figure 3a) and the hour of the day (Figure 3b).
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Figure 3. Temporal variations (UTC time) of the proxy energy of the ground-borne vibrations measured in the frequency range 3-48 Hz: (a) during the whole
year 2015 (gaps in the data set are displayed in white color) and (b) a zoom in on a 2 weeks period of time.

As a first observation, dominant vibrations of the ground start at 5 a.m. and end at 9 p.m., with a minimum
level at 1 p.m. which corresponds to a lunch break period: the intensity of the vibrations are lower during
the weekends, in particular on Sunday nights, where anthropogenic sources of vibrations including human
activities in the URL and traffic in the motorway tunnel are lower than during the week (Figure 3b). We
thus focus on data recorded on Sundays between midnight and 4 a.m. when traffic activity consists of in-
dividual sources of ground-borne vibrations rather than continuous ambient noise. This approach allows
statistical analyses of the URL ground response to mechanical vibrations induced by moving sources that go
beyond the scale of the URL. The aim is now identifying traffic-induced signals and defining characteristic
attributes to perform an automatic detection based on a sub-data set composed of 1,530 wave traces.

3.2. Traffic-Induced Ground Velocity

Successive traces recorded on day 50 by the geophone G2 illustrate the ground velocity measured inside
the URL (Figure 4a). Each trace is characterized by a peak particle velocity PPV defined as the maximum
instantaneous ground velocity during a given time window and commonly used as a site shaking intensity
when dealing with the effect of vibrations on structures (Avellan et al., 2017; Connolly et al., 2014; Murmu

et al., 2018).
Most of the traces are noise (Figure 4a, black traces), associated with low PPV values, and other (red traces)

highlight strong events characterized by much larger PPV values (Figure 4b, black and red dots, respec-
tively). The strong events, which do not appear regularly, are associated with waveforms characteristic of
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Figure 4. (a) Successive wave traces recorded on day 50 and (b) associated peak particle velocities (PPV): traffic-
induced events (red dots), ambient noise (black dots), and PPV for the complete sub-data set (1,530 blue circles).

traffic-induced vibration signals (Hunaidi & Tremblay, 1997), that is they might be induced by individual
moving vehicles driving through the motorway tunnel. When we extend this PPV analysis to the whole
sub-data set (Figure 4b, blue dots), we put in evidence two main components of the noise level distribution
characterized as a first approximation by normal distributions of different means and standard deviations
(Figure 5a).

The first component (I) has a sharp (standard deviation o; = 0.0004) and high amplitude (A; = 12%) dis-
tribution centered on a low mean PPV value v, = 0.071 um / s: it is associated to continuous ambient vibra-
tions, induced for instance by ventilation systems and compressor engines. The second component (II) is
characterized by a wide (o, = 0.0040) and low amplitude (A;, = 0.75%) distribution centered on v,, = 0.260
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Figure 5. (a) Distribution of the peak particle velocities of the sub-data set (1,530 samples) recorded in the Mont
Terri Underground Rock Laboratory on Sundays between midnight and 4 a.m. (b) Distribution of the absolute particle
velocities (solid line, maximum value about 82%) and power law approximation (dashed line).
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um [ s: associated to traffic-induced events, less than 20% of the recorded traces belongs to this component.
This suggests that the two main different sources of ambient vibrations, that is, low level continuous ambi-
ent noise and high level sharp traffic-induced events, might be identified based on a PPV threshold of 0.15
um | s. Note that A; and A,;, measured for 400 s seismic traces, depend on the window length. Interestingly,
the absolute particle velocities continuously measured in the sub-data set (Figure 5b) follows a power law
up to velocities about 0.2 um / s which nearly corresponds to the PPV threshold quantified for traffic-in-
duced events.

The ground motion is induced by complex mechanical interactions between the vehicle and the soil, in-
cluding static load related to the vehicle weight and dynamic load that depends on the vehicle speed, the
soil type, structure, and irregularities (Crispino & D'apuzzo, 2001; Kim & Lee, 2000; Lak et al., 2011; Watts
& Krylov, 2000). These forces contribute to the oscillation of the vehicle that generates ground vibrations.
Inside the Mont Terri motorway tunnel, the traffic speed is limited to 80 km/h but differences in both the
speed and types of moving vehicles induce a wide range of ground velocities measured between 0.15 and
0.35 um / s. Such values remain far below the damage and perceptible thresholds reported in the literature
(Hunaidi & Tremblay, 1997; Nateghi, 2011), about few mm/s for underground structures like tunnels (Stud-
er & Suesstrunk, 1981), because in the present experiment, the traffic-induced events are recorded at large
distances and across many structures, including security and reconnaissance tunnels, galleries and niches
and boreholes that make the wave propagation very complex.

3.3. Cross-Correlation of Traffic-Induced Waveforms

Based on the PPV threshold defined in the previous section, the traffic-induced events can be identified au-
tomatically in the data set and associated with individual vehicles that move in the motorway tunnel. How-
ever, we do not have any information on the temporal positions of the vehicles, such as the times they enter
the tunnel. The aim is now to define a time reference to coherently align the traffic-induced wave traces.

The ground-borne vibrations are recorded simultaneously by two geophones (Figure 6a). For a vehicle en-
tering the tunnel from the NW entrance, the local ground velocity increases when the vehicle gets close
to the geophones and the trace detected at G1 is first in advance to the trace recorded at G2 with a time
delay & < 0 (Figure 6b). At longer times, the two traces become similar with & = 0 (Figure 6c). After then,
the wave trace detected at G2 is in advance to the wave trace recorded at G1 with a time delay § > 0 (Fig-
ure 6d). The time-delay § corresponds to the time lag r associated to the maximum value of the normalized
cross-correlation function (Snieder, 2002; Stdhler et al., 2011):
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where G, (z) and G, (t) are the seismic traces recorded at G1 and G2, respectively, and the asterisk indicates
the complex conjugate. The time-delay ¢ is determined with a sliding time window b — @ = 1 s at successive
recorded times (Figure 6a, blue dots). The small distance between G1 and G2 makes the recorded wave-
forms highly coherent: this is a condition for analyzing the traffic-induced data set. Note that the approach
has similarities with the recent seismic stereometry method applied to earthquakes recorded at two neigh-
boring seismic stations (Mordret et al., 2020).

The sign of the time-delay § is an indicator of the driving direction of the vehicle inside the motorway
tunnel: a negative (positive) time delay at the start of the traffic-induced event means a NW-SE (SE-NW)
driving direction. In the following, we consider the time associated to § = 0 as the reference time and use it
to align the traffic-induced seismic traces (Figure 7). Note that truncated events located at the start or end
of the seismic trace, as well as multi traffic-events, are not considered. The data processing based on this
approach highlights a good coherency between the traffic-induced events measured at different periods of
time and all re-oriented to the NW-SE direction. Finally, the analysis deals with 173 ground vibration traces
that can reliably be associated with single traffic-induced events entirely recorded in 36 s time windows.

3.4. Frequency Signature of the Traffic-Induced Ground Vibration

Taking advantage of the time shifted traffic-induced traces aligned on the reference time defined by 6 = 0,
we are able to determine the mean frequency content focused on the traffic-induced events (Figure 8).

Electronic noises have been removed by band-reject filtering, including the 50 Hz sub-harmonic at 25 Hz
and the 16.66 Hz of the train station located at the SE entrance of the Mont Terri tunnel. As a first approx-
imation, the frequency content associated with traffic-induced events (Figure 8, bold curve) is character-
ized by two broad frequency bands. The first band covers the frequency range 30-40 Hz and can also be
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Figure 8. Mean frequency spectra associated with background noise (thin curve) and traffic-induced events (bold
curve).

identified in the background noise (Figure 8, thin curve) associated with no traffic activity and character-
ized by a nearly flat spectrum. The second band covers the frequency range 10-20 Hz which is weak in the
background noise and can thus be considered as the main frequency content that characterizes the traf-
fic-induced events: several frequency peaks can be observed and may be attributed to galleries, boreholes,
or niches that may be excited into resonance by ambient mechanical vibrations induced by traffic inside the
motorway tunnel. As a first approach in large-scale seismic imaging the Mont Terri URL, the traffic-induced
events may be used as extended sources of vibrations recorded at two geophones instead of a more rigorous
ambient seismic noise imaging approach (Roux et al., 2005; Stehly et al., 2006) that would consist in consid-
ering a homogeneous distribution of sources recorded by a dense array of sensors.

4. Identification of Two Large-Scale Features From Root Mean Square
Analysis

In their work, Lak et al. (2011) present ground-borne vibrations induced by the passage of a truck at a
speed of 50 km/h and the associated running rms (with a time window of 1 s) profiles measured at different
distances from the road. Not discussed by the authors, the rms profile measured at small distances (4 m) is
nearly symmetric and becomes asymmetric when measured at larger distances (64 m): the vehicle speed
(14 m/s) is much lower than the wave velocity in the soil (>150 m/s for depths larger than 50 cm), suggesting
that the directivity effect of the excitation source may be neglected, and we assume that this asymmetry may
be related to large-scale heterogeneities that may exist in the rock mass surrounding.

2
i . . n Vi . . .
Similarly, we compute the 1 s running rms velocity 4|2.;.; ——, where v, is the instantaneous vertical ground-
n

borne velocity measured in the Mont Terri URL at the across-track distance L = 95 m from the motorway
and »n = 125 (Figure 9, gray dots).

By averaging the results based on the geophone G2, a reliable average rms profile can be highlighted (Fig-
ure 9, black dots). At large times ¢, the rms tends to a constant as low as 0.007 um/s. For ¢ ranging in +15s,
the rms profile is strongly asymmetric and composed of two peaks (A and B). The result is similar for the
analysis based on the geophone G1, with a nearly constant amplitude ratio of about 1.2 (Figure 9, black cir-
cles). The primary peak (A), with a maximum rms amplitude about 0.06 x#m/s, is measured at¢, = —-1s.If
the rock mass were isotropic and homogeneous, the maximum rms value measured at G2 should be located
at ¢ > 0: this highlights that the traffic-induced vibrations propagate through a heterogeneous rock mass.
The secondary peak (B), with a maximum rms amplitude about 0.04 xm/s, is measured at the time t; =5
toward the SE entrance of the motorway tunnel. The position of the peak does not depend on the driving
direction of the vehicles along the motorway tunnel: it is detected after the peak A for vehicles coming from
the NW and before for the opposite driving direction. As a consequence, the peak B is associated to an unex-
pected local feature rather than a reflection of the feature A at the free surface of the Mont Terri for instance:
features A and B may be generated by different sources of ground-borne vibrations. To go further into this
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Figure 9. Root mean square (rms) profiles of traffic-induced wave traces recorded at G2 (gray dots) and average profile
(black dots). The average rms profile measured at G1 is also shown (black circles).

analysis, we perform time-frequency analysis of the recorded traces based on a running Fourier transform
with a time window of 1 s and an overlapping of 50% (Figure 10).

On average, the spectrogram clearly highlights differences in the frequency contents of the two features,
that is, in the range 12-20 Hz with a dominant frequency of 15 Hz for A and in the range 9-12 Hz with a
dominant frequency of 10 Hz for B.

5. Methodology to Locate and Characterize the Features Along the Motorway
Tunnel

5.1. Seismic Location Based on Individual Vehicle Speeds and Seismic Velocity

In the present study, the reference time is arbitrary located at the time-delay § = 0. In order to spatially lo-
cate the two features A and B along the motorway tunnel, both the vehicle speed v and the seismic velocity
V of the rock mass are required.

As introduced in Section 3.2, the spreading of the PPV values associated with traffic-induced events may be
related to different types and speeds of the vehicles. Inside the motorway tunnel, the maximum authorized
speed is v, = 80 km/h: actually, the real speeds associated with the measured traffic-induced events are un-
known, with an average that should be about v,. A first approach consists in taking advantage of the feature
B which time detection ¢, slightly differs from a traffic-induced event to another and can thus be used to
assess differences in the moving speeds of the vehicles. For an average speed v, and an average time location
of B about 5 s, the approximate spatial location is 110 m, a mean value used to estimate speed fluctuations.

0.1 25

_0.08 20
E S
3 jas)
\é 0.06 <
2 15 2
= =)
=

g 10

0.02
0 - 5
-15 -10 -5 0 5 10 15
time (s)

Figure 10. Average time-frequency representation of the traffic-induced events (normalized color scale): the two peaks
of the root mean square velocity are associated with different seismic frequency contents.
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Figure 11. (a) Vehicle speeds v, associated to the traffic-induced events estimated at the two geophones G1 and
G2 from the time detection of the feature B (equality in dashed line). (b) Distribution of the vehicle speeds. (c) Peak
particle velocity plotted as a function of the vehicle speed (linear fit in dashed line).

The approach is performed to all traffic-induced events, both at G1 and G2 (Figure 11a), and shows that
about 80% of the individual vehicle speeds v, spreads in the range 70-90 km/h (Figure 11b) with an average
about 82 km/h. Note that an increase of the PPV with the vehicle speed is not obvious (Figure 11c) and
may thus be more dependent on the vehicle type (weight, tires, suspensions, etc.) than on the speed which
remains in a limited range.

In a second approach, we consider the time-delay &(z) measured by cross-correlating the waveforms si-
multaneously recorded at G1 and G2 (see Section 3.3). At the recording time 7, the time-delay can be

modeled by (1) = t, — t, defined as the difference between the times ¢, = \/(D(t) +d/ 2)2 +I1*/V and

t, = \/ (D(t) -d/ 2)2 + I* /V when the seismic wave arrives at G1 and G2, respectively, with a propaga-
tion inside the rock mass at the seismic velocity V. The along-track position D(z) of the vehicle along the
motorway tunnel can be determined according to recent works by Meng and Ben-Zion (2018) and Meng
et al. (2021): when the vehicle generates a wave at the time ¢/, the wave arrives at the geophone at the time

=1+ ,/(w’)z + I* / V. By considering that the vehicle speed v is much lower than the seismic velocity V,

the time at the source is given by ¢t = ¢ — 4 l(vt)2 + I / V (Meng et al., 2021) and we can express the along-
track position D(¢) = v¢'(¢) by the non-linear relationship:

(w)2 +I2
D) =v|t— T @)

which gives a reference along-track position at D(0) = —vL / V. The velocity V is unknown but an order of
magnitude can be estimated based on the traffic-induced event displayed in Figure 6: it is associated to a
vehicle speed about 87 km/h, defined from the previous approach, and the time-delay measured at the time
—-10.5 s is —29.2 ms, which corresponds to a seismic velocity of 1,061 m/s and a reference position at —2 m.
As a first approach, D(r) = vr allows modeling the time-delay by

= vt d
o(t) = —m—— 3
N2+ oV ®)
based on the assumption d <« Lor d <« D, and assessing the vehicle speed according to the approximation
L
d’ C)
Tasa ]
V=5 (1)

v(t) =
Il
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Figure 12. Inversion of the vehicle speed of the traffic-induced event is shown in Figure 6 (Equation 4).

that requires both # # 0 (equivalent to 5(¢) # 0 by definition in the present study) and d > V(). We use this
simple kinematic model to assess the vehicle speed as a function of the relative time ¢: it is about 60 km/h for
negative times and 100 km/h for positive times where fluctuations with the velocity vV = 1,061 or 1,000 m/s
increase locally (Figure 12, black and empty disks, respectively). The motorway is on a straight line inside
the Mont Terri and it is unlikely that the vehicle speed considerably increases after passing s = 0 for all the
vehicles, suggesting a non-constant velocity V rather than abrupt changes of the moving speed y. Since v
depends on the traffic-induced event, it is noted v,,.

As a consequence, we define the following process to convert the recording time ¢ to the along-track posi-
tion D of the vehicle along the motorway tunnel. In a first step, the time-delay is measured as a function of
t x vy I v, for each traffic-induced event (Figure 13a, gray dots), where Vy and the mean speed Yo are defined
from the approach described above (see Figure 11). The measurements of § are associated to correlation co-
efficients C, , (see Equation 1) which show a maximum at the two peaks A and B for all events (Figure 13b),
about 0.94 and 0.9, respectively, and can reach very low values outside these peaks. In the second step, data
associated to both C,, < 0.7 and spurious time-delays are removed to define the average curves for § and
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O——CO average (step 2)
model: eq. 3, V=1170 m/s

=
— ko)
2 2
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Figure 13. Data (gray dots) and average (circles) of (a) the time-delay associated with the model given by Equation 3 (solid line), (b) the normalized cross-
correlation coefficient, and (c) seismic velocity of the rock mass, displayed as a function of the time corrected from the vehicle speed v. (d) Representation of the
average rms curve (see Figure 9) as a function of the along-track distance which takes into account both v and V.
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C,, (Figures 13a and 13b, circles). In the third step, we determine the seismic velocity v of the medium as
a function of the speed-corrected time ¢ axis by optimizing the model 5 = t, —t, associated to the general
form of D (Equation 2) for a constant speed v, (Figure 13c): the seismic velocity ranges between 800 and
2,300 m/s. Note that V is lower than small-scale measurements commonly performed at ultrasonic frequen-
cies in the Mont Terri URL: with a sounding wave at 30 kHz, which can propagate only few meters inside
the rock mass, the velocity is larger than 2,700 m/s (Le Gonidec et al., 2014), that is, a source of few Hz may
lead to different velocities because of the complex structure of the rock mass (galleries, boreholes, niches,
etc.). The asymmetry of the seismic velocity relative to § = 0 explains the time-shift at negative times of the
maximum amplitude of both the correlation coefficient and the rms velocity.

In the last step, the along-track position D is finally determined according to Equation 2 and used to display
the measurements with respect to the position of the vehicle along the tunnel. According to the similarity
between the rms profiles for the geophones G1 and G2 (see Figure 9), it is likely that the maximum ampli-
tude of the average profile associated with the peak A is located between G1 and G2: we arbitrary consider
the reference along-track position D, = 0. As a result of the processing steps described above, the rms veloc-
ity displayed as a function of t (Figure 9) is not similar to the rms velocity displayed as a function of D where
the peak A is nearly symmetric relative to D, = 0 and the peak B is located at about 130 m and characterized
by a complex fine-scale structure (Figure 13d).

5.2. Modeling the Root Mean Square to Quantify Geometric and Intrinsic Damping Coefficients

In the previous section, the two features A and B identified from the rms velocity have been located along
the motorway tunnel: this allows studying the amplitude of the traffic-induced vibrations measured by the
geophones as a function of the along-track position of the source. To that aim, we define a model in order to
describe the data in terms of seismic attenuation properties. As a first approximation, we consider that the
instantaneous velocity v; can be written as the sum of three main contributions associated to the features A
(v and B (v?) and to the background ambient vibrations C (v) induced by continuous nearby experiments
inside the URL. The model of the global rms is thus:

( A B c\?
nvi+v,-+vl-) n A2 4 (vBY? £ (vCY + 5
s R RV M G )
i=1 n i=1 n
which is approximated by:
rms = \/rmsi + sy, + rmsZ + rms2 ;.. (6)

where rms, ;. is the noise level about 0.007 um / s that does not depend on the along-track position.

noise
According to recent blasting (Avellan et al., 2017; Kumar et al., 2016; Nateghi, 2011), pile-driving (Athana-
sopoulos & Pelekis, 2000) or other technical sources including the railway and road traffics (Auersch &
Said, 2010; Gutowski & Dym, 1976; Yu et al., 2021), a power law is commonly used to model the ground vi-
bration decay with the distance. The model is defined by the Bornitz's equation (Kim & Lee, 2000; Taniguchi
& Sawada, 1979; Yang, 1995), used here to model the rms velocity:

nj 0
x9 —ay| Xa-X
mms, =rms)| =4 | e [ A) 7
Xa

where the across-track distances X} = /D2 + I* and X, = (D, — D)* + L* locates the maximum value at

the along-track position D,, rms!) is the rms value at D = 0. The parameter 7,4 is the attenuation radiation
damping coefficient of the seismic wave and «, the intrinsic damping coefficient that characterizes the sur-
rounding rock mass material. Equivalent notations are used for the two other components B and C.

The problem is composed of 13 parameters (4 for each component A, B and C, and the noise) and is solved
numerically by a simulated annealing inverse procedure that takes into account the four contributions
simultaneously. The reference position is fixed to D, = 0. The location of the feature B has been estimated
from the rms analysis about 130 m but we search for its position Dy in the broad range 110-160 m. The
maximum amplitude of the component rms. induced by nearby experiments is expected to be located in
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Figure 14. (a) One hundred models based on optimized parameter ranges (gray dots): the trade-off effects of n; and
ap compensate (linear relationship) when fitting the data (black dots). (b) Best root mean square model (solid bold
curve and parameters) and models of the features A and B and background vibrations C inside the Underground Rock
Laboratory for 12 free parameters and B splitted into the A material for D < Dy and the B material for D > Dy,

the URL, that is, at an along-track position within +100 m. The rms’ parameter for the three components
is searched in the range 0-0.06 #m/s, limited to the maximum amplitude of the rms data. The & parameter
for the three components is searched in the range 0-70/km, the upper boundary being larger than material
damping coefficients published in the literature (Athanasopoulos & Pelekis, 2000; Madshus & Kaynia, 2000;
Takemiya, 2003). The parameter , ranges in 0-2, which boundaries correspond to no attenuation of surface
waves and a decrease as 1 / X* for body waves generated by a point source located on the ground, respective-
ly (Gutowski & Dym, 1976).

The inverse procedure highlights that some parameter ranges are over-estimated. For instance, Dy is main-
ly searched in 117-140 m and «, and @p in 25-65 and 2-30/km, respectively, but 724 and 7 remain in the
whole range 0-2: one hundred models close to the rms data highlight the range of solutions for the global
rms (Figure 14a, gray dots).

Perturbations of n, have weak effects on rms,, because A is located close to 0, but perturbations of n, or o,
strongly modify rms located at a large distance: when fitting the global rms velocities, the trade-off effects
compensate, according to an approximated linear relationship between n, and «, (Figure 14a, inset). The
modeling can explain most of the rms data, but no solution has been found to fit the data located close to
the center of the feature B which fine-scale structure is complex as highlighted by its high amplitude peak
about 124 m. This is analyzed in details in the following section.

6. Bimaterial Interface and Dominant Polarized Body Waves
6.1. Discontinuity of the rms at the Bimaterial Interface Located at B

The model described in Section 5.2 shows that solutions in quantifying the physical parameters of the
problem can be found for the whole feature A but only for the most distant part of the feature B which fine-
scale structure is complex (Figure 14a). Actually, the center of B is located close to the transition between
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Opalinus Clay and Limestone (Figure 1b): the model, based on homogeneous rock masses, has to be modi-
fied according to the local geology. We split rms, into two parts, associated to the same geometric damping
coefficient 75 but one in the Opalinus Clay with the intrinsic damping coefficient &, and one in the Lime-
stones with @p, a transition located at the along-track position D, searched in the range 110-160 m. As a
result, the best model of the inverse procedure is in very good agreement with the whole data set, even at
the center of the feature B (Figure 14b, bold curve) which complex structure can now be explained by the
model as a sharp discontinuity of rock materials from «, = 39.2/km to o = 12.32/km. This strong con-
trast of elastic properties defines a so-called bimaterial interface (Allam et al., 2014) located at the position
Dy = 141.2 m. The features A and B are associated to different dominant seismic frequencies, about 15 and
10 Hz, respectively, suggesting a frequency-dependent response of the material (Aki & Chouet, 1975): as a
first approximation, the material can be characterized by a frequency-independent attenuation coefficient
a° by dividing the intrinsic damping coefficient ¢ by the exciting frequency of the source of vibrations
(Yang, 1995).

For the feature A, the geometric damping coefficient is n, = 0.93: the coefficient is very close to 1 and
means that a vehicle moving inside the tunnel is equivalent to an in-depth point source that generates body
waves (Athanasopoulos & Pelekis, 2000), as expected in tunnel environments. The frequency-independent
attenuation is ag = 2.61 s/km, larger than the maximum values commonly measured from low-velocity
surface wave measurements (Yang, 1995). Surface waves are less attenuated than body waves which may be
associated with higher attenuation coefficients but very few studies are available for body waves: recently,
Ren et al. (2019) have quantified attenuation in clays at about 10 m depth, lower for P-waves (0.1-0.11 s/km)
than for S-waves (0.93-1.68 s/km). The present work deals with unusual underground experiments per-
formed in the Opalinus Clay 300 m below the surface and the close vicinity of the heterogeneous structure
of the Mont Terri URL, that is, ag is an effective parameter (Opalinus Clay and URL).

For the feature B, the geometric damping coefficient n; = 0.98 is also very close to 1 in agreement with
dominant body waves in the tunnel surrounding. The frequency-independent attenuation ag = 1.23 s/km
is in good agreement with near-surface silty clay materials measured with S-waves (Ren et al., 2019). The
low seismic velocity V in the rock mass surrounding B is about 800 m/s, that estimates a quality factor
Q = 7 / o)V about 4: it may correspond to the S-wave velocity but the wave propagates through an hetero-
geneous and anisotropic medium, that is, V' is considered as a proxy velocity at this stage. For a better knowl-
edge of the dominant waves that propagate from the source inside the motorway tunnel to the geophone
inside the gallery Ga08, a particle motion analysis is performed on a traffic-induced event in the following
section.

Note that the model also characterizes the background component C induced by continuous vibrations
inside the Mont Terri URL (Figure 14b, dotted-dashed curve): with n. =0.5, it is associated to surface waves
generated by a point source on the ground (Athanasopoulos & Pelekis, 2000) located about —16.3 m, which
may correspond to the long-term full-scale experiment that is located close nearby to the NW, where most
of the Mont Terri on-site activity was recorded in 2015. The attenuation coefficient a2 =0.68 s/km falls in
the range 0.580-0.775 s/km identified with near-surface measurements on rocks mainly composed of sand-
stones (Yang, 1995).

6.2. Dominant Polarized Body Waves Above the Main Fault

A three-component seismic receiver is required for a particle motion analysis. We identified the seismic data
acquired by the MTIO2 seismometer (available from the Swiss Seismological Service, see Section 2.3) that
correspond to a traffic-induced event recorded by G2 (Figure 6, black curve). The seismometer simultane-
ously records three waveforms in the North, East and vertical (vert.) directions but they are not synchronized
with the geophone data set (Figure 15a, gray curve and dots). We simultaneously shift the seismometer
waveforms (Figure 15a, black curves) in order to align the rms of the vertical component with the averaged
rms measured at G2. The particle motion analysis is not straightforward because of the source, and as a
consequence, the plane of propagation is continuously changing. Thus, we consider broad time windows
to display the particle motion in the longitudinal-transversal and longitudinal-vertical planes (the trans-
versal axis is perpendicular to the longitudinal axis which is oriented from the source to the receiver): 5 s
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Figure 15. (a) Waveforms of a traffic-induced event were recorded by the three-component MTI02 seismometer (black
curves) and the geophone G2 (see Figure 6). Factor 5 has been applied to the amplitude of the average root mean square
profile (gray dots). (b) Particle motion was measured in different time windows (color) in the longitudinal-transversal
(top) and longitudinal-vertical (bottom) planes. The measured in blue correspond to the identification of nearly pure
Rayleigh waves characterized by a retrograde and elliptical behavior mainly confined in the longitudinal-vertical plane.

windows centered on the features A and B (Figure 15a, cyan and yellow zones, respectively) and 1 s win-
dows located at (I) the beginning and (III) end of the event and (II) between A and B (Figure 15a, gray
zones). The result highlight different behaviors of the particle motion with the position of the time window
(Figure 15b).

An abrupt transition of the particle motion behavior is observed between the features A and B: the traffic-in-
duced event vibrations are distributed along the three axes when ¢ <0 and strongly focus in the longitudi-
nal-vertical plane when ¢t >0. At the main feature A (Figure 15b, cyan), dominant body waves propagate as a
mixture of compressional (P), horizontally polarized shear (SH), and vertically polarized shear (SV) waves,
with a proxy seismic velocity lower than the Opalinus Clay P-wave velocity. At the unexpected feature B
(Figure 15b, yellow), seismic waves propagate mainly in the vertical plane: they can be SV waves and Ray-
leigh surface waves. Rayleigh waves propagate close and normal to the ground with retrograde and elliptical
particle motion whose major axis is in the vertical plane: the analysis of the particle motion in 2 s windows
detects a very small amount of such waves, limited to the positive recording times. At the feature B, SV
waves dominate and the seismic velocity is mainly the SV-wave velocity measured at large scales.

As a consequence, the traffic-induced event is mainly associated with body waves, as expected in tunnel
environments (Gutowski & Dym, 1976), and in agreement with the rms modeling approach used to assess
the frequency-independent attenuation coefficient of the rock mass. Interestingly, the feature A is centered
on the Main Fault which dips toward the SE, that is, a dominant mixture of body waves propagate deeper
than the fault and dominant vertically polarized shear waves are recorded through the fault.
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Figure 16. Correspondence between the locations of (a) the results based on the traffic-induced seismic recording of the present study (data and models of the
root mean square velocity), (b) the tunnel and gallery network surrounding the Mont Terri Underground Rock Laboratory, (c) the local profiles of the motorway
tunnel structure and (d) the simplified succession of rock materials.

6.3. Discussion on the Origin of the Unexpected Feature

The feature B detected from traffic-induced events in the Mont Terri URL is located at the along-track dis-
tance Dy = 141.2 m (Figure 16a). It is associated with both a local increase of the amplitude of the ground-
borne vibrations and dominant vertically polarized shear waves. As a preliminary discussion, we identify
the potential origins of this unexpected feature in the close vicinity of the Mont Terri URL.

The vehicles that generate the traffic-induced events move inside the motorway tunnel of the Mont Terri
(Figure 16b): inside the tunnel, the wall is circular but the structure inside the rock mass is not the same all
along the motorway (Figure 16c).

Most of the tunnel profiles have a nearly circular shape (profiles PO, P1, and P2) and only one has a horse-
shoe shape (profile P3). As a consequence, the large-scale structure of the tunnel is characterized by two
main discontinuities. The first discontinuity is located at the along-track distances 135 m, which is very
close to the center of feature B (Figure 16c, vertical blue line) that could be generated by a local resonance
inside the tunnel structure. But at the second discontinuity, located at the position 430 m, no feature has
been detected in the seismic data set, may be because of attenuation or because the first discontinuity does
not generate the feature B.

Actually, the tunnel profile is adapted to the rock material: in particular, its shape changes from circular
(profile P2) to horseshoe (profile P3) between the Opalinus Clay and the Passwang Formation which con-
tains Limestones. The transition Passwang Formation to Opalinus Clay is sharp and well-marked by a hard-
ground indicating an erosional surface. Toward the South, close to the along-track position D, = 141.2 m of
the unexpected feature B, excavation has been performed in 2018 in the Passwang Formation: this allowed
observing open fractures which disappear toward the North, including open solution enlarged fractures
with cavities of up to 10 cm thickness and remaining fractures with an open space of less than 3 cm filled
up with calcite. Such a heterogeneous fracture network can control the propagation of the seismic waves
(Allam et al., 2014; Bulut et al., 2012) which may be trapped and guided (Ben-Zion & Sammis, 2003) to lo-
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cally increase the ground-borne vibrations. Based on the rms modeling, the amplification factor measured
at B is about 30, a high value that suggests an efficient local site effect controlled by the elastic properties of
the rock mass (Cormier & Spudich, 1984; Yang & Sato, 2000).

The nearby Main Fault of the Mont Terri may act in a similar way on feature A but the effect is superim-
posed to the traffic-induced event itself. The dominant mixture of body waves that propagate below the
Main Fault and the dominant shear waves that propagate at shallower depths may be related to different
stress field conditions on either side of the Main Fault: this may both induce wave conversion processes
(Levin & Park, 1997; Nakagawa et al., 2000; Ry et al., 2019) and contribute to the very high amplification of
the ground-borne vibrations measured at the unexpected feature B.

7. Conclusions

One year of seismic recording in the Opalinus Clay of the Mont Terri URL located at 300 m depth has been
performed by the use of two neighboring vertical geophones located 95 m away from the A16 Transjurane
motorway in Switzerland. Based on ground-borne vibrations recorded between midnight and 4 a.m. on
Sundays, we identified a data set of 173 traffic-induced events with peak particle velocities between 0.15
and 0.35 um/s. By performing moving rms and time-delay analyses along the waveforms, we identified
two particular features (A and B), associated with dominant frequencies about 15 and 10 Hz, respectively.
Taking into account the vehicle speeds assessed from time shifts of the feature B relative to A, a simple
kinematic model of the time-delay has been used to quantify the seismic velocity in the surrounding of the
URL, from 1,170 to 2,300 m/s at A and down to 800 m/s at B. The approach has also been used to locate
the features along the motorway tunnel, at the Main Fault for A and 141.2 m toward the SE entrance of
the tunnel for B. A rms modeling based on the Bornitz's equation takes into account the spatial contribu-
tions of both A and B, generated by traffic-induced events, and the background vibrations generated by
nearby experiments inside the URL. The model allowed quantifying (a) the geometric damping coefficient
associated with dominant body waves as expected in tunnel environments, (b) the frequency-independent
attenuation coefficients, about 2.61 s/km in the Opalinus Clay (including the URL) and 1.23 s/km for the
Limestone, and (c) the location of the transition between Opalinus Clay and Limestones. The approach
allows quantifying the coefficients for a nearly continuous and very large range of distances between the
source and a single receiver, which is not available with common approaches. The particle motion analysis
of a traffic-induced event recorded by the three-component MTI02 seismometer identified a mixture of
body waves that propagates below the Main Fault and dominant vertically polarized shear waves recorded
through the fault. We preliminary discussed the possible origins of the unexpected feature B in terms of (a)
a bimaterial interface defined by the contrast of elastic properties between Opalinus Clay and Limestones,
(b) trapped and guided waves in a heterogeneous fracture network, and (c) a site effect associated to an
amplification factor about 30. Similar processes may occur at the Main Fault but are superimposed to the
traffic-induced event itself.

The method, which requires the use of two neighboring standard geophones only, is promising for future
works. In the surrounding of the feature B, karstic structures are formed from the dissolution of Limestone:
during a rainfall activity, wet spots can be observed in the galleries, induced by an increase of pore-pressure
inside the rock mass. It is of first interest to measure such temporal changes from a continuous recording of
ambient body waves (Brenguier et al., 2020). The data set and methods presented in the present study can
be used to that aim: traffic-induced events constitute reproducible, long-term, low-frequency, and non-de-
structive sources of vibrations well-suited to monitor rock mass properties at the scale of a gallery. A natural
extension of the present work is thus long-term monitoring the response of the Mont Terri Main Fault to
environmental changes.

Data Availability Statement

The ground-borne vibration data can be granted upon request to the Mont Terri Project Management.
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